ABSTRACT: Cu(In,Ga)Se 2 (CIGS) thin films were fabricated with a single target by magnetron sputtering method. The effects of sputtering parameters such as base temperature, heat treatment temperature and sputtering power on the properties of films were analyzed. The surface morphology, composition and crystal structural property of the films were characterized by scanning electron microscope (SEM), energy dispersive spectrometer (EDS) and X-ray diffraction (XRD). It shows from the results that CIGS films fabricate without substrate heating can lead to Se coagulation bubbles on the surface after heat treatment process. Substrate heating at 200°C can effectively prevent such drawbacks. Heat treatment temperature and sputtering power have apparent effect on the crystallization of CIGS phase. The optimized parameters of the sputtering process are heat treated at 400℃ and sputtering power at 165W.
INTRODUCTION
Solar cells made from semiconductor materials such as Si, GaAs, CdTe, dye-sensitized molecules, or copper indium gallium diselenide (CIGS) have attracted much attention in recent years [1] . Among them, CIGS semiconductors have been extensively studied for its high optical absorption coefficient, tunable band gap [2] . Recently, much efforts on the CIGS solar cells are directly paid to thinner films for the limited natural reserves of In and Ga [3] . A set of techniques for direct fabrication of CIGS films were extensively studied. Among them, the three-stage sequential sputtering process is commonly employed for large area CIGS deposition [4] . In this process, CIGS films were deposited on glass substrates covered with a layer of Mo. The elements composition control method was applied at the end of the second stage by controlling the substrate temperature to get Cu-poor and Cu-rich transitional area. In, Ga and Se were coevaporated in the third stage. Four source semiconductor materials (Cu, In, Ga and Se) were involving in the evaporation process, so it is difficult to keep the composition among the elements and get uniform films on large area [5] . Two-step selenization of metal precursors process was also applied to achieve CIGS absorber films, in which Cu, In and Ga metallic precursors are firstly deposited by multi-source sputtering process, a post-selenization is then followed using H 2 Se or Se vapor. However, this two-step process has many technical drawbacks, such as high selenization temperature, rough surface of films and agglomeration of Ga on the film-Mo layer interface, etc [6] .
In order to simplify the fabrication process, one-step technique for directly sputtering CIGS thin films has attracted much attention among researchers [7] . In this process, a single quaternary target containing Cu, In, Ga and Se is hot compressed to form target first, and coevaporated at the same time to achive CIGS film. This one-step coevaporation process is considered as an effective way to simplify the fabrication of large-scale CIGS film. Frantz et al. used one-step method to deposit thin films with hot pressed CIGS target. When used in photovoltaic devices, yield efficiencies as high as 8.9% [8] . For further improving the performance of the one-step sputtered CIGS films, more efforts should be paid on the fabrication process. In present work, a specially designed CIGS target was employed to directly coevaporate CIGS films on soda-lime glass slides by RF magnetron sputtering. The morphology and crystal structures were systematically examined and characterized. The influence of sputtering parameters on the properties of the deposited film was investigated in detail.
MATERIALS AND METHODOLOGY
The CIGS films were deposited onto soda-lime glass substrates in a RF magnetron sputtering system (JGP-450a, Shenyang branch, Chinese academy of sciences) with chamber size of Φ450mm×350mm and reachable maximum vacuum is 6.67×10 -5 Pa. The atom ratio of sputtering target is Cu:In:Ga:Se=1:0.7:0.3:2. The size of the target is Φ60mm×3mm and fixed on a copper base plate before coevaporation.
Soda-lime glass slides were cut into 20mm×30mm pieces and used as substrates. The substrates were ultrasonically and chemically cleaned in acetone, alcohol and deionized water, and dried with compressed air. The substrates were mounted on a water cooled holder, which keeps the target-substrate distance at about 8 cm. During the deposition, the substrate holder continuously rotated at 5~10 revolutions per minute to enhance film uniformity.
Prior to the deposition, the chamber was evacuated to a background pressure of 4×10 -4 Pa, and the target was pre-sputtered for 10 min to remove contaminations on the target surface. The working pressure during the film deposition was 0.55 Pa controlled by maintaining Ar flow rate at 31Nmm 3 /min.
The sputtering process is 8h. The thickness of the deposit films are detected directly by film thickness detector TM600, Suzhou shuotian, China. The CIGS films are about 0.3µm.
Different substrate temperatures at 100°C~500°C were selected during the deposition process.
The as deposited CIGS films are heat treated in a vacuum furnace pre-conditioned with Ar gas.
The surface morphology and composition of the CIGS film was examined with S-3000N scanning electron microscope (SEM, HITACHI) and energy dispersive spectroscopy (EDS). The phase characterization was conducted by X-ray diffraction analysis (XRD, Philips, PW1830) using monochromatic CuKα radiation.
RESULTS
3.1 The surface morphologies of CIGS films The typical surface morphologies of as deposited CIGS films at room temperature and elevated temperature are shown in Fig.1 . The films are uniform and crack-free, with only some small pin holes on the surface, no much difference observed.
However, after heat treatment, the surface morphologies show apparent difference as shown in Fig.2 . Fig.2 a) is from the sample fabricated at room temperature and after 400°C heat treatment. Bubbles with cracks can be observed on the surface. But for samples sputtered with substrates heated to 100°C-500°C, no bubbles appear on the surfaces after heat treatment, as typical views shown in Fig.2 b) .
The SEM morphology shows that the substrate temperature has significant effect on the CIGS films after heat treatment. For films fabricated at room temperature, when the excited Cu, In, Ga, Se atoms coevaporated on the substrate, the newly formed bonding layer is cooled by the substrate and contracted quickly. When this bonding layer is reheated, the contracted bonding layer becomes swelling and forms bubbles on the film. On the other hand, the film fabricated with higher substrate temperature, when the excited Cu, In, Ga and Se atoms coevaporated on the heated substrate, the temperature difference between atoms and substrate is less and the thermal stress is reduced. When reheated, the bonding layer has no deformation and no bubbles can be observed.
In order to further analysis the forming reasons of the bubbles, energy display analysis (EDS)
experiments are carried out in (point A) and out (point B) the bubbles as shown in Fig.2 a) . The results are shown in Table 1 . It shows from Table 1 that the atom ratio of Se element is ~64.6% for point A on bubbles which is much higher than that on even area (point B), ~43.4%. The EDS data indicate that the bubbles are mainly from the coagulation of Se from the CIGS film.
Crystal characteristics of CIGS films
The effects of substrate temperatures on crystal characteristics of CIGS films are shown in treating temperature lower than 400°C, the intensity of (112) peaks increase as the temperature increase, which indicates that the increasing of heat treatment temperature is helpful to the CIGS crystallization process. But as heat treating temperature higher than 400°C, the intensity of (112) peaks decrease as the temperature further increase accordingly. Y. Lin et al. studied
CIGS film prepared at various annealing temperatures and find similar changes. They summarized that the increasing of annealing temperature caused the film composition to deviate from the device-quality stoichiometric, resulting in poor film structure characteristics. In Fig.4 , as heat treating temperature over 400°C, the peaks from InSe phase can be observed. The InSe peaks prove the coagulation of Se as shown in Fig.2 a) and Table1. Therefore, in order to acquire well crystallized CIGS phase and decrease other unwanted phases, heat treating at ~400°C is suitable. As the sputtering powers increase from 85w to 165w, the intensities of CIGS peaks increase. The results indicate that higher sputtering power is helpful to the crystallization process of the CIGS phase. But as the sputtering power further increase to 195w, the intensity of the CIGS peak is decreased. In Se phase can also be observed as sputtering power higher than 165W and increased as the power increase. It shows from the experiment that sputtering CIGS films at 165W is suitable.
SUMMARY
Cu(In,Ga)Se2(CIGS) films are deposited with a single target by magnetron sputtering process.
CIGS films fabricate without substrate heating can lead to form Se coagulated bubbles on the surface after heat treated process. The optimized parameters of the sputtering process are: substrate temperature at about 200°C, and the sputtering power at 165W. Further heat treatment at 400°C will improve the crystalinity of the films.
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